Numerous metabolic pathways take place within peroxisomes, most notably the β-oxidation of fatty acids and the degradation of toxic hydrogen peroxide. These organelles are remarkably diverse and, depending on the cell type and the environment, they can take on various forms and functions 1 . Consistent with this, the molecular mechanisms by which peroxisomes are formed are emerging as processes that have matching plasticity and dynamics 2 . For many years, studies in several organisms have aimed to understand peroxisome biogenesis, but they have often led to discrepancies and contradictory interpretations 3 . Efforts to reconcile these findings have shed considerable new light on how distinct aspects of peroxisome biogenesis affect their abundance and how such processes are coordinately regulated to also control the functions of these organelles. For example, it is seems that there are at least two mechanisms of peroxisome formation that are likely to be differently utilized to renew peroxisomes depending on the needs of the cell. In addition, it is becoming evident that the regulation of other aspects of peroxisome biogenesis, such as import of matrix proteins, also control their functions 2, 4 . Although it has long been known that, unlike most organelles, peroxisomes can import large protein complexes, the mechanisms and implications of this amazing capability have remained mysteries. Significant advances have been made in understanding the mechanism of oligomeric protein import as well as its effects on peroxisome differentiation and the maintenance of two distinct peroxisome populations in a cell 4 . These and other exciting advances are improving our understanding of the coordinated molecular mechanisms underlying peroxisome dynamics and function, and are helping to establish fundamental principles of cellular organization. In this Review, we outline distinct aspects of peroxisome biogenesis that affect the dynamics of peroxisome structure and function in various organisms, excluding plants. The discussion of peroxisome degradation (termed pexophagy) and peroxisome inheritanc e is limited and focuses on new insights that suggest their coordinated regulation with biogenesis (for further details of these processes, readers are referred to other reviews 5, 6 ).
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Peroxisomes in health and disease
Peroxisomes are found in virtually all eukaryotic cells and were originally defined as organelles that contain at least one oxidase and one catalase for the respective production and decomposition of hydrogen peroxide 7 . Depending on the cell type and the environment, peroxisomes have diverse regulated functions
, the most notable of which are related to lipid metabolism. These functions are integrated with processes in other cellular compartments, including chloroplasts, mitochondria and the cytosol, through the existence of both shared and coordinated metabolic pathways 8 .
Dynamic structures and content. Consistent with their functions, the structures of peroxisomes are also diverse and dynamic (FIG. 1) . Peroxisomes are 0.1-1 μm in diameter and are bound by single membranes that enclose dense matrices primarily containing metabolic enzymes (and substrates and cofactors), which can sometimes form structured and electron-dense crystalloid cores. Peroxisomes are usually spherical, but they can change their shape and be elongated or even form reticula in some cell types and environments 9, 10 (FIG. 1a,b) . In addition, they can conditionally increase in size and number
Box 1 | Metabolic functions of peroxisomes
Peroxisome have diverse functions across the kingdoms (see the table), that range from the most notable and highly conserved (the β-oxidation of fatty acids paired with the degradation of H 2 O 2 by catalase) to functions that are very specialized and only found in a few organisms or cell types (such as glycerol metabolism and the maintenance of cellular integrity). For example, whereas some protozoans such as Dictyostelium discoideum have typical peroxisomes, others, including the human pathogens Leishmania and Trypanosoma spp., have specialized peroxisomes (glycosomes) that do not seem to contain catalase, the hallmark enzyme of peroxisomes, and instead contain glycolytic enzymes (FIG. 1g) . They are considered specialized versions of peroxisomes, as they share the same protein targeting and biogenesis machinery. In other examples, glyoxysomes of plants and filamentous fungi contain β-oxidation enzymes, but they also contain key enzymes of the glyoxylate cycle. Moreover, specialized peroxisomes in filamentous fungi called Woronin bodies are involved in the maintenance of cellular integrity through wound healing. Peroxisome functions in higher eukaryotes seem to be even more diverse and complex; in humans, they are involved in various aspects of human health. Of particular interest is their role in the synthesis of plasmalogens, which are enriched in the nervous, immune and cardiovascular systems and are involved in signalling and the protection of cells from reactive oxygen species (ROS) damage 148 . In addition, peroxisome proliferation controls a ROS signalling pathway in neurons that regulates energy homeostasis and feeding in diet-induced obesity 149 . They also have a newly identified role as signalling platforms in mammalian cells. Upon viral infection, mitochondrial antiviral signalling (MAVS) adaptor protein, which is located on peroxisomes, induces the expression of defence factors that provide short-term antiviral protection; this function is complemented by MAVS-mediated activation of a signalling pathway that amplifies and stabilizes the response 150 . These and other roles emphasize the significance of peroxisomes in many complex and diverse biological processes. 13 . It is becoming clear that these dynamics do not simply increase the volume of the peroxisome to accommodate the induction of metabolic pathways; shape and size reconfigurations probably also have a more complex effect on peroxisome functions, for example altering the rates of reactions that occur within the organelles [14] [15] [16] . The enzymes contained within peroxisomal matrice s vary depending on the cell type and the environment, and many have multiple functions and subcellular localizations. For example, ataxia-telangiectasia mutated (ATM), a kinase underlying the multisystem disease ataxia-telangiectasia, is both nuclear and peroxisomal 17 . Remarkably, the metabolic enzyme Gpd1 (glycerol-3-phosphate dehydrogenase 1) redistributes between peroxisomes and other cellular compartments in yeast in response to stress 18 . Another enzyme, the nicotin amidase Pnc1, is localized in the nucleus, the cytosol and in peroxisomes and extends the lifespan of yeast in response to low-intensity stress 19 . From these and other data, new communication pathways between peroxisomes and other cellular compartments are emerging that support molecular links between peroxi somes and ageing 20 .
Partially or exclusively peroxisomal pathways
Peroxins and disease. Peroxisomal membranes contain peroxisomal membrane proteins (PMPs), which are primarily metabolite transporters and peroxins. There are 31 known peroxins that are involved in various aspects of peroxisome biogenesis, including peroxisome generation, division, as well as matrix and membrane protein import (TABLE 1) . Peroxins are encoded by PEX genes, 14 of which have been identified in humans; these are linked to peroxisome biogenesis disorders (PBDs) (TABLE 2) , which is a group of severe developmental brain disorders that typically lead to death during childhood (reviewed in REF. 8 ). Interestingly, mutations in three different PEX genes have recently been found to underlie late-onset or slowly progressing neurological disorders [21] [22] [23] [24] , and similar α-synuclein toxicity and lipid metabolism defects have been found in both Parkinson's disease and PBDs 25 . Moreover, a correlation has been made between the level of peroxisome proliferation in hippocampal neurons and the protection from β-amyloid neurodegeneration, a process that is linked to Alzheimer's disease 26 . These data, together with the emerging roles of peroxisomes in cellular ageing 20 , highlight the importance of understanding peroxisome biogenesis for human health and ageing and, in particular, their roles in the advancement and treatment of neurological disorders. Furthermore, the fact that far fewer peroxins have been identified in humans than in simple model organisms (TABLE 2) suggests that there are several human peroxins that have yet to be discovered and that these may underlie disorders that are perhaps less severe or have a later onset in comparison to typical PBDs. One approach that holds promise for revealing elusive human PEX genes is the development and screening of model systems for peroxisome biogenesis in complex multicellular systems such as that developed in Drosophila melanogaster 27 .
Protein import into peroxisomes
Mechanisms of protein targeting and import into peroxisomes are fascinating and important aspects of peroxisome biogenesis. This trafficking involves the integration of classic themes in protein sorting with other mechanisms that are rarely used in other compartments, givin g exceptional capabilities to peroxisomes. Consistent with the involvement of multiple mechanisms in peroxisome formation, there are various trafficking routes for both matrix and membrane protein import. These may be important for robustness or adaptation 28 but in some cases may provide a mechanism for selective targeting to specific classes of peroxisomes 29 . The targeting signals and mechanisms for matrix and membrane protein import are distinct and will be discussed separately.
Matrix protein import.
Matrix proteins are posttranslationall y targeted to peroxisomes from the cytoso l by peroxisomal targeting signals (PTSs). These signals include the predominantly used PTS1 and the less prevalent PTS2, which are recognized by the soluble import receptors PEX5 and PEX7, respectively. Import is achieved by a group of up to 13 membrane-associated peroxins that collectively make up the matrix protein import machinery, which functions to dock cargobound import receptors at the peroxisomal membrane, translocate cargo into peroxisomes and export receptors back to the cytosol (FIG. 2a; TABLE 1 ). The process of cargo translocation is remarkable, as peroxisomes have the ability to import very large protein oligomers and even 9 nm gold particles 30 . However, the mechanism for this remained an enigma for several years because, despite this import capacity, peroxisomes are impermeable to all but small metabolites 31 and no pore-like structure has ever been observed 32 . These data led to several theories based on transient import structures, including the transient pore hypothesis and the membran e invagination model 33 . Considerable progress has now been made to characterize the PTS1-dependent translocation mechanism, and a four-step model has been proposed 34, 35 : first, cargo is bound by the predominantly soluble import receptor, PEX5, in the cytosol; second, the cargo-receptor complex attaches to peroxisomes through the docking complex on the peroxisomal membrane; third, PEX5 integrates into the membrane to form a transport channel through which cargo passes; and last, PEX5 receptors are removed from the membrane and recycled for another round of import in an energy-dependen t fashion by a complex called the exportomer 35 .Thus, both the import and recycling steps are important for this recycling-driven import.
Strong data that support the translocation step include a biochemical analysis of the properties of Pex5-protein A complex that was affinity purified from 
PTS1
The carboxy-terminal peroxisomal targeting signal 1 (with the sequence (Ser/Ala/ Cys)(Lys/Arg/His)(Leu/Met/Ile)) is found on most matrix proteins.
PTS2
The peroxisomal targeting signal type 2 (with the sequence (Arg/Lys)(Leu/Val/Ile) (Xaa) 5 (His/Gln)(Leu/Arg); where Xaa represents any amino acid) is located near the amino terminus of some peroxisomal matrix proteins. It is found much less commonly than PTS1 motifs.
Transient pore hypothesis
A model of matrix protein import into peroxisomes. It involves the transient existence of a proteinconducting translocon that assembles after docking of the receptor-cargo complex to peroxisomes and disassembles after translocation.
Membrane invagination model
A model of matrix protein import into peroxisomes. At the site where receptorcargo complexes dock on the surface of a peroxisome, the membrane invaginates and 'pinches off' to form an intraperoxisomal vesicle that is surrounded by a single membrane which is later degraded to release its contents into the peroxisome.
solubilized yeast membranes and reconstituted into liposomes 36 . Analysis of the liposomes using a planar lipid bilayer technique showed that Pex5 integrates into the membrane and forms a gated ion-conducting channel together with the PMP Pex14 through which cargo passes. The data indicated that the pore is made up of Pex5 oligomers, is dynamic and can adopt both low and high conductance forms, which correspond to inactive and active states. This model was built on previous data in yeast showing that import of Pex8 into peroxisomes requires only PTS receptors and Pex14 but no other components of the import machinery 37 , and that PEX5 integrates into membranes in yeast and mammalian cells 38, 39 (reviewed in REF. 32 ). This model is also supported by the fact that PEX5 and PEX14 each form homo-oligomers 40, 41 and interact with one other 42 , and , has a predicted role in peroxisome biogenesis or function as indicated by transcriptome profiling 64 . || Slow progression (diagnosed at 26 years) with ZSS-atypical symptoms, including mild intellectual disability 23, 24 .
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The encoded protein has weak similarity to Pex11 and Pex25 (REF. 28 ). Fungal annotations are primarily taken from REF. 28 and D. melanogaster annotations are taken from REF. 27 . Human PEX23 annotation is taken from REF. 170 . Y. lipolytica PEX9 is shown as PEX26, and S. cerevisiae PEX30 and PEX28 are grouped with the presumed orthologues, PEX23 and PEX24, respectively 28 . Protein isoforms are shown in parentheses, including genes that are annotated 23l encoding Pex23-like proteins 28 .
Degradation

Preimplex hypothesis
A model of the early steps of matrix protein import into peroxisomes. Multiple peroxisomal PEX5 receptors interact with multiple cargoes in the cytoplasm to form so-called preimplexes, which are necessary for the efficient import of cargo into peroxisomes.
that many matrix proteins are imported in an oligomeric state 43 . The model further predicts that oligomerization of cargo can improve the efficiency of import by bringing multiple receptors into close proximity to form a transport channel, an idea that was previously proposed in the preimplex hypothesis (REF. 44 ). This idea is supported by a recent analysis of specialized peroxisomes called Woronin bodies in Neurospora crassa, showing that oligomerization is in fact necessary for the efficient import of the PTS1-containing matrix protein HEX 4 , but this does not seem to hold true for all oligomeric matrix proteins 45, 46 . Additionally, the model can explain the selective permeability of peroxisomes; as the receptor forms the import channel, it provides a natural means of tailoring the size of the active pore to the size of the cargo, assuming that the number of cargo molecules is proportional to the number of import receptors that form the channel.
The last step of import, receptor recycling, would require that the receptor is either recycled back to the cytoplasm for further rounds of import or that it is directed to the proteasome for destruction when receptor recycling is dysfunctional (by a pathway called receptor accumulation and degradation in the absence of recycling (RADAR)). Recycling and RADAR are controlled by different receptor ubiquitylation events that are mediated by ubiquitin ligases (RING finger group proteins) and conjugating enzymes that are associated with the exportomer [47] [48] [49] . Both pathways involve the ATPdependent extraction of the receptors by the PEX1-PEX6 AAA-type ATPase complex 50, 51 , which is recruited to the cytoplasmic face of the peroxisomal membrane by PEX26 (Pex15 in S. cerevisiae) 52, 53 . Interestingly, this recycling-driven import mechanism is mechanistically similar to endoplasmic reticulum-associated degradation (ERAD), which removes misfolded proteins from the ER in a manner that also involves ubiquitylation of the target and ATP-dependent protein removal from the membrane by an AAA-type ATPase [54] [55] [56] . It has been proposed that this energy-dependent export drives the import of matrix proteins into peroxisomes, a hypothesis that is termed export-driven import 54 . However, import is still possible in cells with blocked export as long as the RADAR pathway is functional, but these cells have a growth defect on peroxisome-requiring medium 57 . This suggests that receptor removal by recycling or degradation drives the import of matrix proteins (provided that the receptors are not limiting). This hypothesis perhaps explains the involvement of most components of the import machinery in receptor recycling functions (FIG. 2a; TABLE 1 ); in yeast, nine proteins mediate receptor ubiquitylation or extraction, whereas only four are involved in translocation.
Less is known about the second import route for matrix proteins (that is, PTS2-dependent import), but it seems to converge with the PTS1-dependent pathway at the docking complex 58 and to involve similar receptor recycling and degradation steps that drive cargo translocation 57, 59 . It is active in most organisms studied, but is generally used by few cargoes. In mammalian cells, PTS2-and PTS1-dependent import are coupled, and PTS2-mediated translocation requires a long isoform of PEX5 (also known as PEX5L or PEX5l) that physically associates with the PTS2 receptor, PEX7. In lower eukaryotes, import of PTS2-containing cargo is independent of Pex5, and instead requires a Pex7-binding co-receptor that has sequence similarity to Pex5 (Pex20 in most fungi studied 28 ) (TABLES 1,2). As PTS-containing proteins can be imported as protein complexes, a third import route involves a physical association ('piggybacking') with another protein that contains a PTS [60] [61] [62] , which offers an explanation for why some matrix proteins do not have recognizable PTSs.
Significance of oligomeric import. Complementing this emerging model of how large protein complexes are imported across the peroxisomal membrane is the equally interesting question of why complexes rather than individual proteins are imported into peroxisomes. receptor Pex5 interacts with the PTS1 of cargo in the cytoplasm, docks at the docking complex (pink) and is integrated into the membrane to form the transport channel with Pex14. Cargo is released from Pex5 and imported into peroxisomes, and Pex5 is ubiquitylated (not shown) and extracted from the membrane in an ATP-dependent manner by the exportomer 35 (shown in purple). Monoubiquitylation of Pex5 by u biquitin-conjugating and ligase enzymes, Pex4 and Pex12, respectively, enables Pex5 recycling back to the cytosol for another round of import, whereas polyubiquitylation (by the ubiquitin-conjugating and ligase enzymes, Ubc4 and Pex2, respectively) directs Pex5 to the proteasome for degradation. Pex5 is shown as a tetramer in the cytosol reflecting the mechanistic details of cargo binding and release in Pichia pastoris 65 ; Pex5 functions as a tetramer in the cytosol, and as a dimer or heterooligomer (with Pex8) in the peroxisomal membrane. These states seem to be redox-regulated, which promotes cargo binding in the cytoplasm and release in the reducing environment of the peroxisomal lumen. Note that there may be different oligomeric states of PEX5 and functions of each in different organisms 65 . Although most components of the import machinery are evolutionarily conserved, there are notable exceptions, including the existence of functional homologues of PEX26 in Saccharomyces cerevisiae (Pex15) 52, 167 and PEX17 in Neurospora crassa (Pex33) 168 . In addition, several peroxins, including Pex22, Pex8, Pex4 and Pex17, have not been identified in higher eukaryotes (TABLE 2) . b | Import of membrane proteins into peroxisomes. In the cytoplasm, the peroxisomal membrane protein (PMP) is targeted directly to peroxisomes through the interaction of its membrane PTS (mPTS) with the shuttling receptor Pex19 in the cytoplasm, and through docking of this complex to Pex3 (or PEX16 in mammalian cells) at the peroxisomal membrane. Pex19 then mediates the assembly of PMPs into complexes (shown in blue). PMPs can also be targeted to peroxisomes by insertion into the endoplasmic reticulum (ER) membrane followed by vesicular transport to peroxisomes (FIG. 3) .
RING
A zinc-finger-type domain that is found in many proteins involved in the ubiquitylation pathway, including RING finger group proteins in peroxisomal membranes (peroxin 2 (PEX2), PEX10 and PEX12).
AAA-type ATPase
A large family of ATPases, including peroxin 1 (PEX1) and PEX6, that contain an ATPase domain. These proteins can drive remodelling or translocation of macromolecules through ATP hydrolysis.
Membrane PTS
(mPTS). A targeting signal of peroxisomal membrane proteins. The consensus sequence is not well defined and may be discontinuous. It can consist of basic amino acids that have been predicted to form an α-helix that is either adjacent to a transmembrane segment or in a matrix-facing loop.
Peroxisomal ER
Subdomain of the endoplasmic reticulum that is the site of peroxisome formation.
Preperoxisomal vesicles
Vesicles that have budded from the endoplasmic reticulum and are destined to become mature peroxisomes.
Mature peroxisomes
A functional peroxisome that is capable of matrix protein import.
One possible reason for oligomeric import is efficiency; in the case of HEX, a highly abundant cargo in N. crassa, oligomerization is necessary for its efficient import. In addition to this, preventing HEX oligomerization seems to saturate the PTS1-dependent import pathway 4 , which suggests that import of oligomers is necessary to maximize the general import capacity of peroxisomes and perhaps explains why oligomeric import into peroxisomes is so widespread 43 . A second role of oligomeric import may be to enable peroxisome differentiation 4 . Import of oligomeric HEX induces peroxisome differentiation through a positive feedback mechanism. Its oligomeric state may promote nonuniform import, leading to differentiation of only a subset of peroxisomes. Self association may also be important for the second step of differentiation, asymmetric fission, which generates two classes of peroxisomes, those with and without HEX. Finally, oligomeric import may be important for proteins that do not properly fold in the lumen of peroxisomes. In support of this, in Hansenula polymorpha, inhibiting folding of catalase in the cytosol before import into peroxi somes by reducing its residence time in the cytosol results in the accumulation of inactive catalase protein aggregates inside peroxisomes 63 (FIG. 1e,f) .
Dynamic regulation of import. The regulation of matrix protein import in response to the cell state or the environment is emerging as a mechanism to control peroxisome functions. Evidence for this extends beyond transcriptional responsiveness of components of the import machinery 64 ; it has recently been shown that the binding of the import receptor Pex5 to cargoes is redox regulated (FIG. 2a) and that changing the redox balance between peroxisomes and the cytosol can disrupt import 65 . Intriguingly, import of individual cargoes can also be conditionally regulated: in yeast, Gpd1 conditionally redistributes among the cytosol, peroxisomes and the nucleus in response to osmotic stress, and the regulation of this distribution involves conditional phosphorylation near its PTS2 (REF. 18 ). Further exploration of these important mechanisms will be a key step to understandin g the dynamics of peroxisome structure and function.
Membrane protein import. Most PMPs are synthesized on free polysomes in the cytosol and post-translationally inserted into peroxisomal membranes by one of two pathways: direct targeting to peroxisomes (class I proteins) (FIG. 2b) ; or targeting via the ER (class II proteins) 66 . Class I PMPs are targeted to peroxisomes through the recognition of a membrane PTS (mPTS) in the cytosol by the shuttling receptor PEX19 (REF. 67 ). PEX19-cargo complexes are then recruited to peroxisomes by membrane-bound PEX3 (or PEX16 in mammalian cells), and cargo PMPs are inserted into the membrane 67, 68 and assembled into complexes by mechanisms that are mediate d by the chaperone activity of PEX19 (REF. 69 ).
The mechanism of import for class II PMPs has been most extensively studied in yeast and is shown in  FIG. 3 . In yeast, PMPs are first inserted into the ER membrane using the same machinery that promotes transit of secreted proteins, including the Sec61 translocon 70, 71 and the GET complex 71, 72 ; however, PMPs that traffic through the ER do not contain canonical cleavable signa l peptides, and only one PMP (PEX16 in mammalian cells) has been shown to be co-translationally inserted into the ER membrane 73 . Exit from the ER involves: the formation of a specialized region of the ER that is called the peroxisomal ER or the preperoxisomal compartment 71, [73] [74] [75] ; and subsequent budding of preperoxisomal vesicles from this region. Surprisingly, these processes seem to require a unique set of factors that have not been characterized previously in secretion, including Pex3 and Pex19 in yeast 71 and PEX16 in mammalian cells 73 , but studies in mammalian cells show that peroxisome formation does not require the vesicle coat protein complex COPII 76, 77 . This is supported by data from recently developed in vitro budding assays in yeast, which have shown that trafficking of Pex15, Pex11 and Pex3 depends on Pex19, ATP and the cytosol but is independent of COPII 58, 78 . Other known components of the secretory pathway may be involved in budding of preperoxisomal vesicles but eluded detection by functional assays 79, 80 because they are either functionally redundant or essential 78 . Consistent with this idea, a screen specifically targeting essential yeast genes showed that three genes involved in ER trafficking (SEC20, SEC39 and DSL1) are also important for peroxisome biogenesis 81 . Further investigation of these candidates and analysis of essential genes on a broad scale should help to gain mechanistic insights into trafficking of PMPs and will potentially identify peroxisome-specific vesicle coat proteins.
Although it was originally proposed that direct targeting was the most prominent targeting mechanism, recent data indicate that the ER route may be more widespread than previously thought 71, 82 . Live-cell imaging analysis of a comprehensive set of PMPs (class I and class II proteins) showed trafficking through the ER in wild-type yeast cells and during de novo generation in the absence of pre-existing peroxisomes 71 . In other yeast studies, Pex11 and Pex15, which contain class I-type mPTSs, were shown to traffic through the ER in cell-free vesicle-buddin g reactions 58, 78 . These observations have not yet been reconciled with those from earlier work, but the discrepancy may have arisen because most evidence in favour of direct targeting has been acquired in mammalian cells, whereas ER trafficking data has been obtained primarily from yeast, many species of which do not express Pex16. Alternatively, there could be two mechanisms of PMP targeting that are differently used depending on the cellular environment and the dominan t biogenesis pathway under that specific condition.
Two mechanisms of peroxisome biogenesis
The origin of peroxisomes has been a topic of debate for many years 3 . The most recent data, collected primarily using live-cell imaging with fluorescent reporters, indicate the existence of two pathways of peroxisome biogenesis: peroxisomes can be generated de novo, whereby preperoxisomal vesicles bud from the ER 75, 83 and subsequently fuse with each other to form mature peroxisomes 82 ; and pre-existing peroxisomes can produce new peroxisomes through growth and division (fission), (FIG. 3) . Although both pathways contribute to the formation of new peroxisomes, they are distinct; de novo generation has slower kinetics but results in peroxisomes that contain all 'new' material, whereas growth and division is faster, but requires the presence of pre-existing peroxisomes 74 .
Peroxisome biogenesis through growth and fission. It is well established that peroxisomes undergo fission mediated by PEX11, which is found in all organisms tested, and often has multiple isoforms within an organism that can have conditional activities or roles that are not related to fission (TABLE 1) . Fission also involves factors that have established roles in mitochondrial fission 84, 85 , including dynamin-related proteins (DRPs; also known as dynamin-like proteins (DLPs) in mammals) 86, 87 and DRP-interacting proteins, such as mitochondrial fissio n 1 (FIS1) 88 . The molecular mechanisms of peroxisomal fission are becoming clearer, and a model is emerging (FIG. 3) that seems to be similar in yeast and mammalian cells 89 . First, Pex11 (PEX11β in mammalian cells) becomes activated and mediates tubulation of peroxisomes 90, 91 , and membrane-anchored DRP-interacting proteins are enriched in the elongated membrane. Next, the membrane is constricted and DRPs, recruited from the cytosol by DRP-interacting proteins 92, 93 , promote membrane scission to form new peroxisomes 89 . The regulation of these molecular events is not well characterized, but it has been shown that in yeast, phosphorylation of Pex11 (REF. 94 ) regulates its interaction with Fis1 (REF. 95 ). In addition, there is some evidence that the oligo meric state of Pex11 (monomeric versus dimeric) is redox-sensitive and that this could coordinate division with the levels of oxidative metabolism within maturing peroxisomes 96 . The DRP-mediated regulatory mechanisms have not yet been demonstrated, but considering that DRPs and DRP-interacting proteins have dual roles in peroxisome and mitochondrial fission, they have the potential to facilitate the coordination of peroxisome and mitochondrial proliferation 11, 97 , or the coordination of peroxisome proliferation with mitochondrial function 98, 99 . Fission is coordinated with the growth of peroxisomes via expansion of the peroxisomal membrane. This is achieved by the transfer of proteins and membrane to mature peroxisomes from the ER by vesicular transport 74 . These vesicles are distinct from the ER-derived vesicles involved in the de novo generation of peroxisomes because vesicles involved in the de novo process cannot fuse with mature peroxisomes 82 . The molecular mechanism of vesicular transport to mature peroxisomes has not been fully elucidated, but in yeast, the vesicles contain the multifunctional peroxin Pex3. It will be interesting to learn the role of Pex3 in this process and to address whether peroxins implicated in vesicle fusion (Pex1 and Pex6) (TABLE 1) are also involved.
De novo peroxisome biogenesis. Peroxisomes can also be formed de novo from the ER by a second vesicular transport mechanism. This assembly route was first identified in Yarrowia lipolytica and involves the generation and fusion of distinct classes of preperoxisomal vesicles with each other 100 . The mechanism was recently characterized in Saccharomyces cerevisiae and involves the production and heterotypic fusion of two classes of preperoxi somal vesicles, each containing a different subset of peroxisomal proteins 82 . The classification of these vesicles revealed the presence of an elegant sorting Peroxisomes are formed de novo from the endoplasmic reticulum (ER) through budding and pair-wise heterotypic fusion of two vesicle types, V1 and V2 (left). This mechanism separates RING finger and docking components of the import complex into different vesicles, which are not import competent until after fusion and assembly of a complete and functional import complex. Peroxin 1 (Pex1) and Pex6 are found in separate preperoxisomal vesicles and are necessary for the heterotypic fusion of V1 and V2 vesicles and the formation of mature, import-competent peroxisomes. Mature peroxisomes can multiply by growth, with proteins and membranes from the ER (via V3 vesicles; right), and fission, mediated by Pex11. Although all preperoxisomal vesicles characterized contain Pex3 (which is required for egression from the ER), V3 vesicles are distinct from V1 and V2 vesicles because they can fuse with mature peroxisomes. A fission cycle begins with membrane remodelling and elongation mediated by Pex11. The elongated extension grows and acquires DRP (dynamin-related protein)-interacting proteins (including the fission protein Fis1 (REFS 88, 93, 95) ). The membrane becomes constricted by an unknown mechanism, and DRPs (Dnm1 and vacuolar sorting protein 1 (Vsp1) in yeast 169 or dynamin-like protein DLP1 in mammalian cells), which are recruited from the cytosol by DRP-interacting proteins, facilitate membrane fission to generate new peroxisomes. Note that for simplicity, not all peroxins are shown. mechanism that suppresses the import of matrix proteins into peroxis omes until budding is complete and preperoxisomal vesicles have established autonomy from the ER (FIG. 3) . This process requires sorting of the subcomplexes of the import machinery (proteins of the docking complex and the RING ubiquitylation complex) (TABLE 1) into two separate preperoxisomal vesicles. After egression, pairs of these different vesicles fuse to form import-competent peroxisomes. Fusion seems to be selective, and preperoxisomal vesicles cannot fuse with mature peroxisomes, a restriction that might ensure the correct molar ratios of components of the import machinery in mature peroxisomes.
This newly identified process requires specificity during both vesicle formation and fusion, which has not yet been characterized, but mechanistic insight can be gleaned from the components of each class of vesicle. The two AAA-type ATPase peroxins, Pex1 and Pex6, are differently represented in each vesicle class, and they might mediate heterotypic fusion of the vesicles to form mature peroxisomes 82 , which is consistent with their previous implication in this process 101 . Perhaps their selective enrichment in different classes of vesicle provides specificity to the fusion event, but how they are differently sorted has yet to be determined. The characterization of how these and other PEX proteins affect this biogenesis pathway is an important challenge, as multiroute trafficking mechanisms are involved in the assembly of other functional complexes [102] [103] [104] and thus may be a widespread mechanism that is fundamental for maintaining biochemically distinct compartments within the cell 82 .
Coordination of division with de novo generation of peroxi somes. A question of major interest is how de novo generation and fission are coordinately and dynamically regulated to control peroxisome abundance and function. Given the conditional roles of peroxisomes in carbon source metabolism and in the production of reactive oxygen species, which can damage proteins and lipids, it is likely that the source of new peroxisomes are affected by cellular states and that this can be influenced by both past and present environmental conditions. Perhaps these influences can explain the ongoing discrepancies about the origin of peroxisomes. For example, two recent studies come to the contradictory conclusions that peroxisomes are derived de novo 82 and that they are derived exclusively from pre-existing peroxisomes 74 in wildtype yeast, despite the fact that both studies measured yeast grown under fermentative conditions. There are similar contradictions about the origins of mammalian peroxisomes, which have been found to form de novo in cells with pre-existing peroxisomes 73 despite previous evidence to the contrary 105, 106 . Considering these inconsistencies, future studies that measure how the activities of de novo generation and fission are coordinated and affected by the cell state will be very valuable.
A model in H. polymorpha that genetically separates de novo biogenesis from fission can be useful in this regard 107 . It takes advantage of the role of Pex25 in the de novo generation of peroxisomes 107, 131 , and is based on a pex25 pex11 double-deletion strain, which has no peroxi somes because both de novo generation of peroxisomes and fission are blocked. The restoration of de novo generation in this strain by reintroducing PEX25 resulted in peroxisome formation. By contrast, the re introduction of pex11 into this strain, which restored fission in the absence of pre-existing peroxisomes, did not result in the production of peroxisomes, even though the genetically identical pex11-deletion strain (without prior elimination of peroxisomes) has peroxisomes. These data indicate that in pex11 and pex25 single-deletion strains, the only active biogenesis pathways are de novo generation and fission, respectively, and they also suggest the utility of the strains for interrogating each pathway independently to determine how they respond to genetic and environmental perturbations. Such studies will be important for understanding the regulation and coordinatio n of the two pathways.
Peroxisome motility and inheritance Directed movement of peroxisomes along actin cables in yeast or microtubules in mammalian cells is an important aspect of peroxisome biogenesis. Considering the implications of peroxisomes in neuronal path ologies 25, 108 , peroxisome positioning is likely to have additional importance in specific cell types such as neurons, which are extremely long. In mammalian cells, movement along microtubules disperses peroxisomes after fission 89 , and in yeast, peroxisome motility is necessary for inheritance or directed movement of peroxisomes from mother to daughter during cell division, which is paired with the retention of peroxisomes in both cells to ensure equitable distribution of peroxisomes between them. This process involves the attachment of peroxisomes to actin cables by interaction of myosin II, a class V myosin, with the peroxisome-specific factor Inp2 (inheritance of peroxisomes 2) for peroxisome movement into the bud 109 , and anchoring of peroxisomes in the mother and bud through Inp1 (REF. 110 ). Actinbased movement is also required in yeast for pexophagy (selective autophagic degradation of peroxisomes) 111 . PEX14 is emerging as a key player in these processes: in mammalian cells, it is necessary for peroxisome movement through a direct interaction with tubulin, which comprises microtubules 112 ; and in yeast it interacts with the actin-binding protein dynamin 2 (REF. 113 ) and is necessar y for macropexophagy 114 .
Regulation of peroxisome dynamics
Evidence indicates that changes in the shape of a compartment (including both volume changes in vesicles and connectivity changes in a reticulum) influence the rates of the embedded chemical reactions 15, 115 . Therefore, dynamic changes in peroxisome structure may actively regulate peroxisomal metabolic processes 158 . This is supported by an innovative study showing that overproduction of Pex11, which results in the increased abundance and decreased size of peroxisomes, increases penicillin production in the fungi Penicillium chrysogenum without affecting the levels of peroxisomal enzymes involved in the generation of penicillin 14 . Thus, understanding how the dynamics of peroxisome structure are regulated and how they can influence peroxisome function are important areas of study that can advance therapeutic and bioengineering strategies. Here, we discuss insights that have been gained into how peroxisome proliferation and morphogenesis are regulated.
Control of peroxisome size and number. In the absence of a stimulus for peroxisome proliferation, peroxisomes seem to be in homeostasis and multiply at a rate that is comparable to the cell cycle 74 ; but, in the presence of an environmental cue such as fatty acids, peroxisomes increase in size and number (FIG. 1c,d ). The control of peroxisome dynamics is achieved in part at the level of transcription. Fatty acid-responsive transcription factors induce the expression of specific peroxins and enzymes during peroxisome proliferation 64, 116, 117 , including peroxins of the PEX11 family and peroxisomal metabolic enzymes, both of which affect peroxisome size and number in yeast and human cells 89, [118] [119] [120] . Such responses probably also involve signal transduction pathways, as several proteins seem to be phosphorylated during peroxi some proliferation in yeast 121 ; however, except for a few examples, such as the recent demonstration that Pex11 phosphorylation controls peroxisome fissio n in yeast 94, 95 , these responses are largely unexplored. Other signalling mechanisms that are beginning to emerge include a metabolic signal from inside peroxisomes that regulates fission 122 and a peroxisome-ER tether involving Pex3 and the inheritance factor Inp1 that senses peroxisome number during cell division to control peroxisome abundance 123 . Interestingly, a secon d peroxisom e-ER association has been implicated in the control of peroxisome proliferation in yeast, which involves the interaction of Pex23-family peroxins with reticulon homology domain-containing proteins at specifi c subdomains of the ER 124 . It is likely that the regulation of peroxisome size and number is complex and extends beyond the control of peroxisome proliferation (by fission and de novo generation). There is evidence that these processes are coordinated with others, including the degradation and segregation of peroxisomes into new cells. Pex3 may be key in this coordination 125 ; in addition to its roles in peroxisome biogenesis, it is essential for the degradation of peroxisomes by pexophagy [125] [126] [127] [128] and the segregation of peroxisomes into daughter cells during division 129, 130 . Additional candidate coordinators of these processes include other multifunctional peroxins, such as the Pex11 family proteins, which mediate fission and de novo formation 107, 131 , as well as retention of peroxisomes during inheritance 132 ; Pex19, which affects egression of preperoxisomal vesicles from the ER 71 and peroxisome inheritance in yeast 133 ; and PEX14, which is involved in matrix protein import and also pexophagy in yeast 114, 134 and peroxisome motility in mammalian cells 112 . An important outstanding challenge is to determine how these multifunctional proteins are involved in the coordination of de novo generation and division with inheritance and turnover to control peroxisome size and number.
Control of peroxisome morphogenesis. Peroxisome elongation is a transient stage of peroxisome fissio n. However, widespread and sustained elongatio n of peroxisomes and even a complex peroxisome reticulu m have been observed in some mammalian cell types 9, 135, 136 . For example, in COS7 cells (African green monkey kidne y cells), many peroxisomes are spherical, but they are also frequently observed in an elongated form 10, 137 ( FIG. 1) . Tubulation and elongation are regulated, as these morpho logies can be induced by stimuli such as partial hepatectomy 136 and exposure of cells to growth factors or polyunsaturated fatty acids (PUFAs) 137 . These observations reiterate that morphogenesis may be a mechanism for altering the activity of peroxisomal metabolic pathways and thus warrants further investigation. We do not know the molecula r mechanisms of morphogenesis, but as peroxisome elongation associated with peroxisome divisio n requires PEX11, it is a good candidate.
Peroxisome differentiation
The presence of different subtypes of an organelle is not a new concept. For example, the ER has several subtypes with specialized functions, including rough, smooth and transitional ER. Depending on the organism and cell type, peroxisomes have different appearances, contents and functions. However, for certain cell types such as those in liver and kidney tissues, subpopulations of peroxisomes can have distinct compositions and abundances within the same cell 138 , and the different populations seem to be derived from the same parent organelle 136 . This raises the question of how a cell can produce and maintain different subpopulations of an organelle in the same cell type. Indeed, this is a fundamental question in cell biology. Studies using two model systems have shed light on this. In the first study, the fate of intraperoxisomal aggregates of a mutant form of catalase was followed in H. polymorpha 139 . This study identified a pathway, whereby aggregates are sequestered into a distinct subpopulation of peroxisomes (FIG. 1e,f) , which are then degraded by autophagy. This process involves asymmetric fission of peroxisomes to isolate the aggregates, which is mediated by fission components, Pex11 and the DRP Dnm1.
Another study characterized the differentiation of peroxisomes into Woronin bodies in the multi cellular filamentous fungi N. crassa 4 . These organelles are a remarkable, specialized subtype of peroxisomes that contain a crystalline hexagonal core composed of a selfassembling aggregate of HEX proteins. The organelles are localized near cell junctions and act as plugs during wound repair to block the open channel between two cells when one is damaged, thereby preserving the other. Despite the use of common import mechanisms, Woronin bodies are less abundant than peroxisomes 140 , and the two subtypes have distinct protein compositions. These organelles seem to form from a subset of peroxisomes via an interesting positive feedback mechanism that is based on the import of HEX oligomers that promotes differentiation 4 . As HEX physically associates with the exportomer component PEX26, import of oligomeric Rates (k) of peroxisomal processes HEX promotes PEX26 enrichment in membranes of peroxisomes undergoing differentiation; this further promotes the import of additional HEX oligo mers into differentiating peroxisomes. These peroxisomes then undergo asymmetric fission to form two physically and functionally distinct compartments: a Woronin body that contains the HEX aggregate; and a parent peroxisome that is enriched for PEX26. As PEX26 functions specifically in receptor recycling (FIG. 2a; TABLE 1 ), this proposed feedback mechanism is consistent with the export-driven import hypothesis.
The importance of protein aggregation in the biogenesis of both peroxisome subtypes discussed is interesting and suggests the existence of shared underlying mechanisms. The implication of peroxins in peroxisome differentiation is an exciting finding that implies that this process is coordinated with other aspects of biogenesis. These new links may lead to a better understanding of the apparent interconversion of glyoxysomes and peroxisomes during germination and maturation of some plant seedlings 141 , and of the existence of peroxisome subtypes in various human cells 138 . Further studies in
Box 2 | Studying peroxisome dynamics
Systems approaches have been applied to understand and predict peroxisome development in yeast (see the figure, part a). These studies have primarily focused on modelling the structure and function of transcriptional regulatory networks 116, 117, [151] [152] [153] [154] , largely because the principles of eukaryotic transcription are well understood and large-scale data sets that predict transcription factor activities and targets can be obtained with relative ease. In one such approach, kinetic modelling, ordinary differential equations that underlie a biological process are generated, and the process is simulated using both estimates and known values of variables (including transcript and protein levels, protein activities and reaction rates). The models are iteratively refined to recapitulate known responses and, once optimized, they can be used to generate a testable hypothesis on the behaviour of the system under new biological conditions [153] [154] [155] [156] [157] . In another approach, a global environment and gene regulatory model was generated from a compendium of ~1500 public gene expression data sets that were generated under various conditions. This model accurately predicts the regulatory and gene expression changes in response to new stimuli 145 and was used to gain new mechanistic insights into the signalling and regulatory networks that control proliferation of peroxisomes in response to oleic acid.
Theoretically, similar approaches can be applied to develop cell biological models (beyond transcriptional regulatory networks) that describe the diverse processes affecting peroxisome dynamics (including de novo generation, fission or import of matrix proteins) 158 , and eventually even link them to peroxisome function (see the figure, part b) . This undertaking is challenging because these applications require a good understanding of how each protein affects biogenesis, as well as global data sets of protein levels and conditional activities (through, for example, protein modifications, subcellular locations and other modifiers). Some data sets that would be useful for such modelling in yeast are accumulating (see the figure, part c) . For example, condition-specific subcellular protein distribution and abundance have been globally analysed in the presence and absence of fatty acids, which induce peroxisome proliferation 13 . Data sets have been generated that predict 159, 160 and characterize [161] [162] [163] [164] [165] [166] the peroxisomal proteome. In addition, a large-scale data set of protein phosphorylation in the absence and presence of peroxisome proliferation has been generated 121 , as well as global data sets of peroxisome-related phenotypes of gene-deletion strains 79, 80, [164] [165] [166] . However, there are significant hurdles impeding the modelling of peroxisome dynamics, including the incomplete understanding of mechanistic details and the apparent sensitivity of each pathway to subtle changes in growth conditions or cell state, which have not yet been characterized. It is evident that data sets used for modelling would have to be carefully matched with the growth condition and cell state, and currently available data sets do not meet this criterion. This is an important challenge for future studies.
this area may be useful to engineer peroxisomes with new capabilities and for drug development applications.
Perspectives
Considerable progress has been made to give us a much clearer picture of how peroxisomes are formed and maintained. We owe much of this to the numerous model systems available. Studies in these diverse contexts have revealed both generalizable themes to establish robust mechanistic models of peroxisome biogenesis, as well as important distinctions between organisms that cannot only be used to gain insights into evolution but can also be capitalized on for developing therapies. For example, drugs can be targeted to disable peroxisome formation in pathogens without detrimental effects on human hosts 142 . However, beyond typical model systems, peroxisome research is notable for its exploitation of numerous, very closely related yeast model systems. Although this is a remnant of early searches for strains that can grow well on fatty acids as a sole carbon source -to thereby facilitate genetic screens for PEX genes -these models became mainstays and naturally led to multiple analyses of the same genes and proteins in very similar systems. Through this collective approach, many mechanistic models have been reinforced, but a surprising number of them have been shown to be inconsistent across specie s and even within the same organism.
From these discrepancies, it is evident that peroxisome dynamics are complex and are regulated by the coordinate activities of several intrinsic processes (including de novo biogenesis, fission, import, protein degradation and inheritance), as well as several other processes elsewhere in the cell 112, 113, 143, 144 . The mechanistic details of these processes are developing rapidly, but the details of how each process responds to the cell state and the environment are emerging more slowly. Important future challenges will be to elucidate these dynamic regulatory pathways and to decipher how the various processes that affect peroxisome dynamics are coordinated. A developing idea of significance is that the coordinate regulation and ultimately the control of peroxisome structure and function are achieved in part by multifunctional peroxins 28, 125 . Characterizing the precise roles of these proteins in this coordinate regulation will be an important task. In addition, linking these regulatory mechanisms with other cellular processes and structures is key and will benefit from the incorporation of systems approaches. Data sets connecting peroxisome dynamics with other cellular processes have been generated in yeast 64, 79, 80, 116, 145 and should help to build predictive network models of widespread peroxisome communication and identify areas for further investigation.
Systems approaches could also be applied in a second way: to generate detailed mechanistic models of peroxisome biogenesis that are comparable to those generated for endosome biogenesis 146 and vesicle fusion 147 
.
Exciting new discoveries have linked peroxins to the direct regulation of peroxisome function 4, 14 . Because these studies have shown that the receptor recycling component PEX26 controls differentiation of peroxisomes into two subtypes with different functions and that Pex11 can regulate penicillin production, it is possible that these findings could be combined into mathematical models of peroxisome biogenesis. These models could be used as tools to control peroxisome function for bioengineering and drug development. Building such models will be challenging and will require a more complete understanding of biogenesis through the comprehensive identification and characterization of all proteins involved. In addition, modelling will require: data sets from genome-wide screens aimed at identifying essential genes that are involved in biogenesis, as was recently performed on a smaller scale 81 ; and the characterization of all peroxins through various global assays, which will need to be conducted under carefully controlled and matched conditions. Modelling of biogenesis is an ambitious aim, but our growing understanding of the organelle and its components are leading us towards this outstanding goal.
